The spliceosome is a dynamic macromolecular machine that catalyzes the excision of introns from pre-mRNA. The megadalton-sized spliceosome is composed of four small nuclear RNPs and additional pre-mRNA splicing factors. The formation of an active spliceosome involves a series of regulated steps that requires the assembly and disassembly of large multiprotein/RNA complexes. The dynamic nature of the pre-mRNA splicing reaction has hampered progress in analyzing the structure of spliceosomal complexes. We have used cryo-electron microscopy to produce a 29-Å density map of a stable 37S spliceosomal complex from the genetically tractable fission yeast, Schizosaccharomyces pombe. Containing the U2, U5, and U6 snRNAs, pre-mRNA splicing intermediates, U2 and U5 snRNP proteins, the Nineteen Complex (NTC), and second-step splicing factors, this complex closely resembles in vitro purified mammalian C complex. The density map reveals an asymmetric particle, Ϸ30 ؋ 20 ؋ 18 nm in size, which is composed of distinct domains that contact each other at the center of the complex.
O
ne model of pre-mRNA splicing posits that the spliceosome is assembled in a step-wise fashion (1, 2) . Spliceosome assembly begins with the recognition of the 5Ј splice site and branch-point sequences of the pre-mRNA by the U1 small nucleotide RNP (snRNP) and the U2 snRNP respectively (Complex A, Fig. 1 ). After binding of the U4/U6.U5 tri-snRNP, the U4/U6 snRNA duplex is replaced by a U2/U6 snRNA duplex (Complex B, Fig. 1 ). Furthermore, the U1 snRNA base pairing at the 5Ј splice site is disrupted and exchanged for base pairing between the 5Ј splice site and the U6 snRNA. The subsequent addition of another complex, the Nineteen Complex (NTC), and the release of the U1 and U4 snRNPs marks the transition from an inactive to an active spliceosome composed of the NTC and the U5 and U2/U6 snRNPs (Complex B* and C, Fig. 1 ). 5Ј-Splice site cleavage and lariat formation, followed by 3Ј-splice site cleavage and exon ligation, occur within the activated spliceosome.
Structural information about the organization of spliceosomal complexes is still sparse, mainly because of their large sizes and dynamic natures. Difficulties in isolating sufficient quantities of pure stable spliceosomal complexes have so far limited x-ray crystallographic studies to a few isolated spliceosome components, with much focus centered on the core snRNP Sm and Lsm proteins (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . A promising structural approach for obtaining information about spliceosome organization is single-particle cryo-EM, a powerful technique that is ideal for determining the structures of large dynamic complexes at protein concentrations too low for crystallization trials. EM structures of four distinct mammalian spliceosomal complexes have been presented, providing snapshots of the spliceosome at distinct stages of the splicing reaction (18) (19) (20) (21) . Here we show that the Schizosaccharomyces pombe U5.U2/U6 complex represents a spliceosomal particle involved in the late stages of pre-mRNA splicing and describe the 3D structure of this multisnRNP particle by cryo-EM. The determination of this structure represents another step toward understanding the organization of a native multi-snRNP spliceosomal complex involved in the late stages of splicing and demonstrates that S. pombe provides a genetically tractable system in which to purify and structurally characterize complexes involved in pre-mRNA splicing.
Results and Discussion
Purification and Characterization of the S. pombe U5.U2/U6 snRNP Complex. Using a tandem affinity purification strategy (22, 23) targeting S. pombe Cdc5, we isolated a stable complex of splicing factors that includes the U2, U5, and U6 snRNAs (24) . The purified U5.U2/U6 particle is homogeneous, as judged by negative/stain EM (data not shown) and sucrose gradient centrifugation (24) . To obtain an accurate molecular mass of the S. pombe U5.U2/U6 spliceosomal complex, we analyzed freezedried unstained particles by scanning transmission EM (STEM) analysis. The 663 selected particles segregated into one Gaussian-shaped curve, indicating a complex with a mass of 2.0 MDa (Ϯ194 kDa) ( Fig. 2A) . The unstained particles in general had a tri-lobe appearance and looked very similar to U5.U2/U6 particles seen in vitrified ice [ Fig. 2B and supporting information (SI) Fig. 6A ]. Summing the mass of the proteins identified in the U5.U2/U6 complex by MS (24) yields a molecular mass of Ϸ3.0 MDa; however, the sum of spliceosome components found just in the U2/U6 and U5 snRNPs and the NTC equals Ϸ2.2 MDa, a value much closer to the STEM-determined mass of the U5.U2/U6 particles. This suggests that the S. pombe U5.U2/U6 complex, similar to the mammalian C complex (18) , is likely composed of a core group of tightly bound proteins that interact with a set of less tightly associated pre-mRNA splicing factors.
A majority of S. pombe U2, U5, and U6 snRNPs sediment in a stable U5.U2/U6 spliceosomal complex (24) (25) (26) . The difficulty in establishing a robust in vitro splicing system using S. pombe extracts may be due to the stability of this interaction and has thwarted efforts to characterize the biochemical activity of the tandem affinity-purified U5.U2/U6 complex. However, both the snRNA and protein compositions of this complex (24) reveal striking similarities to the human 45S B* spliceosomal complex (27) and the human C complex (28) . Like these spliceosomal particles, the S. pombe U5.U2/U6 complex contains the U2, U5, and U6 snRNAs and U2 and U5 snRNP components as well as second-step splicing factors and the NTC (reviewed in ref. 29). These similarities suggested that the U5.U2/U6 complex might also contain pre-mRNA splicing intermediates.
To test this possibility, we used RT-PCR to probe RNA extracted from U5.U2/U6 particles for the presence of premRNA, mRNA, lariat, 5Ј exon, and 3Ј exon. Reverse transcriptase can read through the 2Ј-5Ј linkage in templates such as those found in lariat structures of the pre-mRNA splicing reaction (30) (Fig. 3A) . RNA extracted from arrested S. pombe prp2-1 cells was used as a control for detecting both pre-and mature mRNA. S. pombe prp2 encodes the large subunit of the splicing factor U2AF (31) . Fig. 3B summarizes the amplification products expected from different spliceosomal complexes and from total RNA extracted from arrested prp2-1 cells. Because we expected the U5.U2/U6 complex to contain a mixture of different transcripts, we probed for cwf8 and cut6, because these contain introns of lengths easily detected by RT-PCR (385 and 621 nucleotides, respectively). RNA extracted from the U5.U2/U6 complex contained both cwf8 and cut6 lariat intermediates ( have undergone the first but not the second step of pre-mRNA splicing, indicating that the S. pombe U5.U2/U6 complex closely resembles human C complex (Figs. 1 and 3B). These results do not rule out the possibility that other U5.U2/U6 complexes are free of pre-mRNA splicing intermediates or contain free lariat, representing a population of postsplicing particles formed after the second step of pre-mRNA splicing (Fig. 1) . Nevertheless, the presence of RNA splicing intermediates within the U5.U2/U6 particles demonstrates that this complex represents a stable multi-snRNP complex in the late stages of the splicing reaction. Further, the preponderance of this stable, C like complex at steady state suggests that the slowest, or perhaps most regulated, step of pre-mRNA splicing in vivo is the second step of the splicing reaction, at least in fission yeast.
A Reliable Low-Resolution Model of the U5.U2/U6 Complex Obtained by Random Conical Tilt Reconstruction of Cryo-Negatively Stained
Samples. Even if a sample is structurally homogenous, it can be difficult to obtain a reliable 3D reconstruction from images of vitrified particles with the angular reconstitution approach (32). This is particularly true when particles lack any inherent symmetry, such as the U5.U2/U6 complex. In these cases, it is safer to use the random conical tilt approach (33) to calculate a 3D reconstruction, in which the orientation parameters of the imaged particles are unambiguously defined. However, random conical tilt reconstructions calculated from specimens prepared by conventional negative staining often exhibit severe structural deformations because of flattening upon drying and incomplete stain embedding (34, 35) .
To minimize these preparation artifacts, we prepared the U5.U2/U6 complex by cryo-negative staining (34, 36) . Image pairs of the same specimen areas were recorded at tilt angles of 55°and 0°. The images of the untilted specimens were used to classify the particles into 20 classes (SI Fig. 6 ). Many of the 20 classes showed particles with very similar structural features that clearly resembled each other. The images from the tilted specimens corresponding to six particular classes were chosen to calculate separate 3D reconstructions ( Fig. 4A and SI Fig. 6 , marked with *). Structures calculated from particles found in four of the six representative classes looked very similar and could easily be aligned (Fig. 4A Lower, first four structures). The differences between the four structures may be explained by the presence of some structural flexibility in the upper lobes of the complex, by the small number of particles used for each reconstruction, and/or by variations in the staining of the imaged particles. The additional two structures were obviously smaller than the other four structures and most likely represent the lower region of the larger structures (Fig. 4A Lower, last two structures). These classes (Ϸ10% of the total particles) likely represent U5.U2/U6 complexes that are in different stages of disintegration and were excluded from further analysis. To further improve the reconstruction the tilted images corresponding to the four representative classes (Fig. 4A Upper, first four classes) and particles from additional classes that clearly resembled these averages (SI Fig. 6 , marked with a ''ϩ'') were combined and used to calculate a 3D reconstruction by using FREALIGN (37) . The 3D structure of the U5.U2/U6 complex in cryo-negative stain is presented in Fig. 4B . The structure, Ϸ23 ϫ 18 ϫ 15 nm in dimension, consists of three distinct lobes. It shares a striking similarity to the density map of the human C complex, as determined by the cryo-negative staining approach (18) , providing direct evidence that spliceosomal complexes purified from different organisms are structurally conserved. Both structures are composed of three globular lobes of similar sizes that join together at the center of the complex. Small differences evident between the structures are most likely because of the different species the complexes originate from.
Cryo-EM and 3D Reconstruction. Using cryo-EM, we collected images of U5.U2/U6 particles in vitrified ice adsorbed to a thin carbon layer. The individual U5.U2/U6 particles were clearly visible in the raw images (SI Fig. 7A ). The 30,671 selected particles were bandpass-filtered and subjected to multireference alignment, multivariate statistical analysis, and classification to obtain averages of the characteristic views of the molecule with improved signal-to-noise ratio (SI Fig. 7B Bottom) . Using the program FREALIGN (37), the class averages were aligned directly to the low-resolution cryonegative stain model (Fig. 4B) , and the structure was refined until stable at a resolution of 40 Å. The averages, rather than the individual particle images, were initially used to ensure that propagation of any residual preparation artifacts found in the cryonegative stain model were minimized in the final 3D reconstruction calculated from the artifact-free molecules embedded in vitrified ice. Five refinement cycles were done by using the class averages. From cycle six onward, the individual particle images were aligned to the model. The density map was refined and corrected for the contrast transfer function by using FREALIGN (37) . The Fourier shell correlation (FSC) curve calculated from our final density map suggests a resolution of either 29 or 23 Å based on the FSC ϭ 0.5 and FSC ϭ 0.143, respectively (38) (SI Fig. 7C ). The distribution of the Euler angles of the particles shows that the complex assumes randomly distributed orientations within the vitrified ice layer (SI Fig. 7D ). Reprojections from the density map (SI Fig. 7B Middle) are very similar to the corresponding raw particle images (SI Fig. 7B Top) and class averages (SI Fig. 7B Bottom) , demonstrating the consistency of the 3D reconstruction with the projection data. The refined density map was contoured so that the molecular mass of the complex is 2.0 MDa, matching the molecular mass determined by STEM analysis (Fig. 2 A) .
The S. pombe U5.U2/U6 complex, Ϸ30 ϫ 20 ϫ 18 nm in size, consists of three distinct lobes (Fig. 5) . The top portion of the complex, which we term the ''head-like'' domain, is bilobal in shape with a diameter of Ϸ20 nm and a height of Ϸ8 nm. The head is connected on one side to the large bottom domain and, on the other side, to a ridge-like extension. These two connections are separated by a small cavity. The most massive part of the structure is the bottom ''foot-like'' domain that is generally triangular in shape and has dimensions of Ϸ18 ϫ 18 ϫ 22 nm. Running along the side of this large base is a ridge-like structure that contains a number of spiny protrusions. As with our cryo-negative stain model, this structure also shares a striking similarity to the density map of the human C complex as determined by cryo-negative staining (18) .
Implications for the Arrangement of the Spliceosome. Based on their relative size and available structural and biochemical data, we have tentatively assigned the three lobes as the U5 snRNP, the U2/U6 snRNP and the NTC (Fig. 5) . The protein and snRNA composition of spliceosome complexes purified from human, Saccharomyces cerevisiae and S. pombe cells are highly conserved (reviewed in ref. 29). Therefore, in analogy to human spliceosomal complexes, we assigned the largest, ''foot-like'' lobe of the S. pombe U5.U2/U6 complex to the U5 snRNP (Fig.  5 ). This interpretation is consistent with the cryo-negative stain structure of the mammalian U5 snRNP (21) , which has similar dimensions as the bottom base of our U5.U2/U6 complex and is also roughly triangular in shape. The U5 snRNP initially enters the splicing cycle as part of the tri-snRNP (Fig.  1) . Concomitant with dissociation of U1 and U4, additional proteins, such as members of the NTC, are recruited to the mammalian spliceosome, and the U5 snRNP is reorganized into a larger particle (27) . Many of these additional proteins are present in our U5.U2/U6 complex (24) and are reported to remain associated with the U5 snRNA even after the completion of the splicing reaction and the disassembly of the spliceosome (27) .
In our density map, the foot-like domain makes extensive contact with the upper two head-like lobes that we interpret as the U2/U6 snRNP (Fig. 5) . This interpretation is consistent with the proposed organization of the mammalian C complex (18) . In addition, the structure of the mammalian tri-snRNP also contains a bilobal upper domain, composed of the U4/U6 snRNP, which interacts closely with U5 snRNP (21) . This suggests that the overall position of U5 snRNP may stay globally stable as the U4/U6 snRNA duplex is replaced by a U2/U6 snRNA duplex (Fig. 1 , transition from complex B to complex B*).
Making extensive contacts with both the upper ''head-like'' lobes and the ''foot-like'' base is a ''ridge'' domain that wraps around one side of the S. pombe U5.U2/U6 complex (Fig. 5) . As suggested by Jurica et al. (18) for the mammalian C complex, this domain could represent the NTC. The NTC binds the spliceosome concomitant with U1 and U4 snRNP release and is essential for spliceosome activation and stabilization ( Fig. 1) (39, 40) . The location of this subcomplex between the upper and lower domains of the U5.U2/U6 complex would be advantageous for its important role in stabilizing the spliceosome during the major U6 snRNA binding transitions that must occur during the transition from an inactive to active spliceosome.
Our interpretation of the density map of the S. pombe U5.U2/U6 complex is consistent with many biochemical and structural details known about individual snRNP particles and provides a picture of the macromolecular arrangement of a splicing complex involved in the late stages of pre-mRNA splicing. The complexity and dynamic nature of the splicing reaction have made it difficult to isolate homogenous populations of spliceosomes suitable for structural analysis. We have shown that the unusually stable S. pombe U5.U2/U6 complex purified by targeting Cdc5 represents a spliceosomal particle involved in the late stages of pre-mRNA splicing that it is amenable to structural analysis. The 3D structure of this complex constitutes an important step toward understanding the detailed architecture of the spliceosome and demonstrates that S. pombe provides a powerful system for purifying and structurally characterizing spliceosomal complexes.
Materials and Methods
Purification of the U5.U2/U6 Complex. The U5.U2/U6 complex was purified by using the tandem affinity purification strategy as described (24) . STEM. STEM was carried out in the Brookhaven National Laboratory STEM facility with tobacco mosaic virus included as an internal control. For mass measurements, freeze-dried S. pombe U5.U2/U6 particles were prepared by the wet film technique.
The microscope operation and data acquisition are both computer controlled. The scattered electrons are collected in two annular detectors. The number of scattered electrons from a pixel is directly proportional to the mass thickness in that pixel. The digital data from the large angle detector are used for mass analysis. By summing over the pixels containing the particle of interest and subtracting the thin carbon substrate, the mass of that particle can be determined. Each micrograph consists of 512 ϫ 512 pixels of 1 nm. Software programs developed at the STEM facility (PCMass) were used for these analyses.
RNA and RT-PCR. Total RNA was prepared from cells by extraction with hot acidic phenol as described (41) . First-strand synthesis was performed with the SuperScript First-strand Synthesis System (Invitrogen, Carlsbad, CA) according to the manufacturer's directions. One hundred nanograms of RNA was used for each reaction. cwf8 and cut6 products were resolved on 3% and 2% (wt/vol) Nusieve agarose gels (BMA, Rockland, ME), respectively.
Specimen Preparation and EM. Uranyl formate (0.7% wt/vol) was used for cryo-negative staining as described (34, 36) . To prepare samples in vitrified ice, a thin layer of carbon film supported by a holey carbon grid (Quantifoil Micro Tools, Jena, Germany) was glow-discharged and used to adsorb purified U5.U2/U6 particles. Grids were blotted and frozen in liquid ethane by using a Vitrobot (FEI, Hillsboro, OR).
For specimens prepared by cryo-negative staining or vitrification, electron micrographs were taken under low-dose conditions (total electron dose of Ϸ25 e Ϫ /Å 2 ) at a nominal magnification of ϫ50,000 at defocus values ranging from Ϫ3.5 to Ϫ6 m by using an Oxford (Oxford, U.K.) cryo-transfer holder in a FEI Tecnai 200 kV electron microscope equipped with a field emission electron source.
All images were recorded on Kodak (Melville, NY) SO-163 film. Film was developed at 20°C for 10 min by using fullstrength Kodak D-19 developer. Micrographs were digitized with a Zeiss (Oberkochen, Germany) SCAI scanner by using a pixel size of 7 m, and 3 ϫ 3 pixels were averaged to yield a pixel size of 4.2 Å at the specimen level. The defocus values of all images were determined by using the program CTF-FIND3 (42) .
Random Conical Tilt Reconstruction. Pairs (5,821) of cryonegatively stained U5.U2/U6 particles were selected interactively from both the images of the untilted and 55°tilted sample (100 image pairs) by using WEB, the display program associated with the SPIDER software package (43) , and windowed into 128 ϫ 128-pixel images. The untilted images were rotationally and translationally aligned and subjected to 10 cycles of multireference alignment and K-means classification specifying 20 output classes (SI Fig. 7) . Many of the 20 classes had very similar structural features. 3D structures were individually calculated for six representative classes by using the random conical tilt approach (44) implemented in the SPIDER package (SI Fig. 6 , marked with *). To generate the best model possible, 4,605 particles associated with 12 classes were combined and used to generate a final structure in FREALIGN (37) (SI Fig. 6 , merged classes marked with a ''ϩ''). One of the structures calculated by the random conical tilt approach was used as an initial model to align the individual images. The final 3D reconstruction was low-passfiltered to 40-Å resolution for use as the initial model to align the images of the vitrified particles. The surface rendering of the structure was performed with the program Chimera (45) .
